We present a theoretical study of the electronic structure of a heavily Si ␦-doped layer in a GaAs/ Al x Ga 1Ϫx As/GaAs quantum barrier. In this class of structures the effect of DX centers on the electronic properties can be tuned by changing the Al x Ga 1Ϫx As barrier width and/or the Al concentration, which leads to a lowering of the DX level with respect to the Fermi energy without disturbing the wave functions much. A self-consistent approach is developed in which the effective confinement potential and the Fermi energy of the system, the energies, the wave functions, and the electron densities of the discrete subbands have been obtained as a function of both the material parameters of the samples and the experimental conditions. The effect of DX centers on such structures at nonzero temperature and under an external pressure is investigated for three different models: ͑1͒ the DX nc 0 model with no correlation effects, ͑2͒ the d ϩ /DX 0 model, and ͑3͒ the d ϩ /DX Ϫ model with inclusion of correlation effects. In the actual calculation, influences of the background acceptors, the discontinuity of the effective mass of the electrons at the interfaces of the different materials, band nonparabolicity, and the exchange-correlation energy of the electrons have been taken into account. We have found that ͑1͒ introducing a quantum barrier into ␦-doped GaAs makes it possible to control the energy gaps between different electronic subbands; ͑2͒ the electron wave functions are more spread out when the repellent effect of the barriers is increased as compared to those in ␦-doped GaAs; ͑3͒ increasing the quantumbarrier height and/or the application of hydrostatic pressure are helpful to experimentally observe the effect of the DX centers through a decrease of the total free-electron density; and ͑4͒ the correlation effects of the charged impurities are important for the systems under study. ͓S0163-1829͑96͒06135-8͔
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I. INTRODUCTION
Two-dimensional electron systems have attracted a lot of attention in the past decade because of the interesting physics that were observed in them, and because of their device applications. 1, 2 In ␦-doped structures a two-dimensional electron gas ͑2DEG͒ can be formed with a much higher freeelectron density as compared to the modulation doped heterostructures, 3, 4 and a higher electron mobility as compared to bulk-doped semiconductors. 5 These are important effects for applications in high-speed electronics 6 and in optoelectronic devices. 7 From a fundamental point of view, ␦-doped structures are very interesting because one can study the interaction between the electrons and charged impurities in the limit of very strong coupling and in the case of multisubband transport.
In the case that DX centers saturate the electron density, correlation effects in the charge distribution in the doping layer are expected to be present. [8] [9] [10] ␦-doped structures are ideal to study these correlation effects because of the strong interaction between the charged impurities and the free electrons. In this paper we propose a structure in which one can tune the influence of correlations on the transport properties of a 2DEG.
In order that DX centers, and thus correlations in the charge distribution, have any influence on the transport properties, the Fermi level (E F ) has to be resonant with the DX level. It is a well known effect that DX centers in Al x Ga 1Ϫx As are resonant with the ⌫ band at an Al fraction of approximately 0.25 or at a hydrostatic pressure of 20 kbar in GaAs. 11 Chadi and Chang 12 have put forward the general idea that deep centers, like the DX center, follow the averaged conduction band because these deep, strongly localized centers sample the whole dispersion relation. In GaAs, the DX level is positioned at least 200 meV above the conduction-band minimum, and can be made resonant with the Fermi level either by raising the Fermi level or by lowering the DX level. The Fermi level can be raised by increasing the doping concentration. 13 But in order to reach E F у200 meV, such high doping concentrations are needed that usually self-compensation occurs.
14 An alternative approach is to lower the position of the DX level relative to the conduction band by the application of hydrostatic pressure or by increasing the Al fraction in the structure. 8 However, in GaAs a hydrostatic pressure of at least 20 kbar is needed to push the DX level below the Fermi level. Here we will use barrier ␦-doped GaAs structures, in which we can tune the position of the DX level relative to the Fermi level in such a way that one needs only a modest hydrostatic pressure to push the DX level through the Fermi level even in samples with a small Fermi energy. This should facilitate a better access to ␦-doped structures where correlations in the charge distribution occur.
Bulk semiconductor structures containing a ␦-doped layer have already been investigated extensively. [15] [16] [17] [18] [19] [20] Zrenner et al. 8 extended these works to study the saturation of the free carrier concentration in ␦-doped GaAs. The DX level was modeled as a neutral deep donor having a fixed energy with no correlation effects (d ϩ ϩe→DX nc 0 ). Taking this energy level as a fitting parameter, they were able to explain the saturation of the free-electron density with increasing doping concentration and pressure. 21 22 bulk-doped GaAs, 9 and ␦-doped n-i-p-i superlattices. 23 The electronic structure of a ␦-doped quantum well was investigated in Ref. 24 , but effects due to the DX centers were neglected. In the absence of a ␦-doped layer, Peeters and co-workers 25 have shown a strong influence of introducing positive barriers ͑wells͒ into the wells ͑barriers͒ of a superlattice on its electronic structure. This provides an effective and realistic tool to control the energy gaps between the different minibands.
In this paper, we investigate structures where a Si ␦-doped layer is located at the center of a GaAs/ Al x Ga 1Ϫx As/GaAs quantum barrier. Such structures can provide three useful advantages as compared to normal ␦-doped GaAs: ͑1͒ The influence of the barrier on the different subbands is various. This makes it possible to control the energy gaps between the electron subbands. ͑2͒ Due to the repellent effect of the barrier on the electrons, they are ''pushed'' away from the impurities. Consequently the electron mobility of the system is expected to be enhanced. ͑3͒ Because the Si dopants reside in the Al x Ga 1Ϫx As barrier and the energy position of the DX center relative to the conduction band depends on the Al fraction, one can tune the difference between the DX and Fermi levels easily. This is the most important advantage we will discuss in this work. Therefore samples can be grown which have a different fraction of their ''free'' electrons trapped on DX centers, whereas other electronic parameters of the samples, e.g., the shape of the wave functions, are hardly changed. Also, the hydrostatic pressure needed to change the fraction of electrons trapped on DX centers can be modest and tuned to an accessible experimental range of pressures. Thus correlation effects on, for instance, the mobility can be studied in detail. DX centers have a similar behavior in GaAs and Al x Ga 1Ϫx As, except that the energy separation between the DX level and the ⌫-band minimum differs. However, the electronic structure in these two systems can be various due to a different population of the DX centers. 13 By solving the coupled Schrödinger and Poisson equations of the system, the wave functions, confined energy levels, and electron population of the subbands will be obtained as well as the one-dimensional ͑1D͒ effective confinement potential and the Fermi energy. Diffusion of the donors along the growth direction is assumed to be uniform in a sheet with a finite thickness. In the present calculation, effects of the discontinuity of the electronic effective mass at the interfaces between two materials, band nonparabolicity, the background acceptors, and the exchange-correlation interaction of the electrons have been included. In order to study the influence of the DX centers on the electronic properties of the system, three models are discussed at non-zero temperature and under hydrostatic pressure in the absence (DX nc 0 ) ͑Ref. 8͒ and the presence (d ϩ /DX 0 and d ϩ /DX Ϫ ) ͑Ref. 10͒ of spatial correlations in the charge distribution. For the latter case we discuss only narrow ␦-doped layers, such that correlations between charged impurities can be described within a model of zero width of the ␦-doped layer. We have found the following. ͑1͒ Increasing the quantum-barrier height and/or applying hydrostatic pressure are helpful to experimentally observe the effects of the DX centers through a decrease of the total free-electron density. ͑2͒ The electron wave functions are more spread out when increasing the barrier height, and the presence of DX centers changes the carrier density and the arrangement and/or number of charged impurities. These effects should influence the electron mobility. ͑3͒ The correlation effects of the charged impurities are important for describing the system under study. This paper is organized as follows. In Sec. II a selfconsistent approach for the electronic structure of a ␦-doped quantum barrier is presented in the absence of the DX centers. Inclusion of the DX centers without any correlations is discussed for nonzero temperature, and in the presence of hydrostatic pressure in Sec. III. We assumed that the DX centers freeze out at Tϭ100 K. 26 Below this temperature, transfer of electrons from the DX bound states to the conduction band becomes impossible. The spatial correlation effects in the charge distribution are introduced in Sec. IV, where we will discuss samples with very narrow ␦-doped layers. Our conclusions and discussions are presented in Sec. V.
II. ELECTRONIC STRUCTURE OF A ␦-DOPED

QUANTUM BARRIER
We will describe a Si ␦-doped layer located at the center of a GaAs/Al x Ga 1Ϫx As/GaAs quantum barrier, as is shown in Fig. 1 . The z direction is along the growth axis. The quantum barrier consists of a Al x Ga 1Ϫx As sheet with width W B sandwiched between two bulk GaAs layers. The central region of the barrier is uniformly and heavily doped with Si atoms over a thickness W D at a three-dimensional ͑3D͒ concentration n D . Typically one has 2D doping densities
12 cm Ϫ2 , at which the donors have an average distance less than the effective Bohr radius in GaAs. As a consequence, a positively charged layer is constructed, which provides a 1D confinement potential for electrons in the z direction. For a typical p-type background ͑3D͒ concentration of n A ϭ10
14 cm Ϫ3 , a depletion layer of 4.45 m (ϭW A /2) ͑Ref. 19͒ is formed at each side of the doping layer.
Within the single-particle approximation, assuming the system to be uniform in the xy plane, and excluding any effects due to the DX centers, the Hamiltonian describing the free electrons of the 2DEG is reduced to
where E I is the energy of the Ith electronic subband described by the normalized wave function ⌿ I (z); m*(z) is the electron effective mass: 27 in GaAs, m*(z)/m e ϭ0.067 and in the Al x Ga 1Ϫx As barrier m*(z)/m e ϭ0.067ϩ0.083x; and U EFF (z) is the 1D effective confinement potential for the electrons which consists of three contributions
where U B (z)ϭ0.6(1.155xϩ0.37x 2 )⌰(W B /2Ϫ͉z͉) in units of eV ͑Ref. 27͒ describes the quantum barrier, and ⌰(z) is a step function; U C (z) is the Hartree potential determined by the Poisson equation
with n e (z)ϭ ͚ I n I (z) the electron charge density determined through
where /a B *(z), and a B *(z)ϭប 2 ⑀ 0 / m*(z)e 2 the effective Bohr radius, where ⑀ 0 ϭ13.0 is the dielectric constant of the system, and R y *ϭe 2 / 2⑀ 0 a B *(z) the effective Rydberg. U XC (z) may be discontinuous at interfaces between GaAs and Al x Ga 1Ϫx As due to the different effective electron masses. The potential U EFF (z) depends on n e (z) via U XC (z) ͓U C (z)͔ through r s (z) ͓n e (z)͔, while n e (z) depends on U EFF (z) via ⌿ I (z) through Eq. ͑1͒. Therefore, the above set of equations describing the system has to be solved self-consistently. Figure 2 shows the wave functions of the three lowest electron subbands along the z direction at Tϭ0 K for a ␦-doped layer, with N D ϭ5ϫ10
cm
Ϫ2 and W D ϭ20 Å, in quantum barriers having widths of ͑a͒ W B ϭ20 Å, ͑b͒ W B ϭ50 Å, and ͑c͒ W B ϭ100 Å, and heights of xϭ0.0 ͑solid͒, xϭ0.1 ͑dotted͒, xϭ0.2 ͑dash-dotted͒, and xϭ0.3 ͑dashed curves͒. The following are clear: ͑1͒ The repellent effect of the barriers on the wave functions is more pronounced with increasing barrier height, which should result in an enhancement of the electron mobilities. ͑2͒ In the case of a fixed barrier height, this effect becomes stronger at first, and then becomes weaker with increasing barrier width, because the system is changing from 3D GaAs to a quantum barrier structure, and then to 3D Al x Ga 1Ϫx As ͑see xϭ0.2). ͑3͒ The influence of the barrier on the symmetric states (Iϭ0 and 2͒ is stronger than that on the antisymmetric state (Iϭ1), due to the fact that electrons in the symmetric states are closer to the barrier.
The total effective potential U EFF (z) is plotted in Fig. 3 together with the energy levels of the four lowest subbands at Tϭ0 K for a ␦-doped quantum barrier with fixed
Å, and four different barrier heights ͑a͒ xϭ0.0, ͑b͒ xϭ0.1, ͑c͒ xϭ0.2, and ͑d͒ xϭ0.3, where all energies are relative to the Fermi energy E F . Increasing barrier height will change dramatically the positions of the energy levels. As a consequence, a quasidegeneracy ͓see Fig. 3͑d͔͒ for E 0 and E 1 ͑also for E 2 and E 3 ) can be reached. This behavior is similar to bonding and antibonding states in two coupled quantum wells. Thus one is able to control the energy gaps between the different subbands with the help of quantum barriers. This is consistent with the conclusions of Ref. 25 .
The dependence of the energy gaps between the electron subbands on the parameters of the quantum barrier is illustrated in Fig. 4 , where we plot the energy levels ͓Figs. 4͑a͒ and 4͑c͔͒ and the electron densities ͓Figs. 4͑b͒ and 4͑d͔͒ of the four lowest subbands for ␦-doped quantum barriers with
12 cm Ϫ2 and W D ϭ20 Å. The left figures are for the case of a fixed width (W B ϭ50 Å͒ and changing barrier height, and the right figures for the case of a fixed height (xϭ0.15) and changing barrier width. The electron population in the symmetric states (Iϭ0 and 2͒ decreases with increasing barrier height except at low Al concentration for Iϭ2, while it increases in the antisymmetric states ͓see Figs. 4͑a͒ and 4͑b͔͒. The dependence on the barrier width in the case of a fixed height is complicated, since the system is going from 3D GaAs to a quantum-barrier structure, and finally to 3D Al x Ga 1Ϫx As.
III. EFFECTS OF THE UNCORRELATED DX CENTERS
By now it is well established 11 that many donors in III-V semiconductors have to be described by the coexistence of a shallow donor state and a deep donor state. By the application of hydrostatic pressure, Zrenner et al. 8 have shown that DX centers influence the electronic properties of ␦-doped
GaAs. Here, their work will be generalized to the present structures. In normal ␦-doped GaAs the DX level is high above the Fermi energy. However, due to the presence of the quantum barrier and/or the use of hydrostatic pressure, the DX level and the Fermi energy can easily become resonant.
In this section we assume that the Si donors in the DX state are neutral and have no interaction (DX nc 0 model͒. In our calculations, the energy of the DX centers is described by
where T is fixed at 100 K, P is the hydrostatic pressure, and the four coefficients (␣, ␤, ␥, and ) are given by ␣ϭ300 meV (E DX ϪE ⌫ in GaAs at Pϭ0 and Tϭ0), ␤ϭϪ0.15 meV/T ͓d(E DX ϪE ⌫ )/dT͔, ␥ϭϪ10 meV/kbar ͓d(E DX ϪE ⌫ )/dP͔, and ϭϪ700 meV ͓d(E DX ϪE ⌫ )/dx in Al x Ga 1Ϫx As͔, which are in the region of values reported in the literature. 9, [30] [31] [32] [33] The 2D density of the DX nc 0 donors is given by
with gϭ2 the DX-level degeneracy. 34 Including the DX centers in the charge conservation equation ͑5͒, we obtain
With the modifications mentioned above the set of equations describing the electronic structure are solved selfconsistently.
In Fig. 5 we plot the energy levels ͑a͒ relative to the Fermi energy, and electron densities ͑b͒ of the four lowest subbands of a ␦-doped layer (N D ϭ1ϫ10 13 cm Ϫ2 , W D ϭ20 Å͒ in quantum barriers with a fixed width (W B ϭ20 Å͒ as a function of the barrier height at Tϭ100 K. The total free-electron density (N e , long dashed͒ and the density of the DX nc 0 donors (N DX , dot-dot-dotdashed curves͒ are also shown in Fig. 5͑b͒ . It is clear that more DX centers become populated with increasing barrier height. Due to the population of DX nc 0 states, the dependence of the electronic structure on the barrier height is quite dif- The use of hydrostatic pressure 26 provides a useful tool to determine the properties of the DX centers in Al x Ga 1Ϫx As compounds because their energy position is lowered with respect to the Fermi energy. In Fig. 6 
IV. CORRELATION EFFECTS OF THE CHARGED IMPURITIES
A random spatial distribution of donors in a ␦-doped layer results in a random distribution of positive charges when all dopants are ionized. When part of the donors are ionized, spatial correlations in the distribution of charged impurities can result due to the Coulomb interaction between them. The charges ͑electrons͒ trapped by the dopants are distributed in such a way that the total energy of the system is minimized through the correlation energy E c ͓per unit area ͑volume͒ in 2D ͑3D͔͒. These correlation effects will change the electronic structure of the system, as has been shown clearly for both bulk-doped 9 and ␦-doped GaAs. 10 Now we will include them in our ␦-doped quantum barrier structures. Since it is still not clear which of the two models, the d ϩ /DX 0 model or the d ϩ /DX Ϫ model, is applicable, we will discuss both of them. The equilibrium condition of the reservoirs of filled DX centers and the 2DEG for both models is given by
where N tot ϭN e ϩN A is the net charge density in the ␦-doped layer. This equation shows us that it is possible for some of the electrons to occupy the DX state, even if E DX is higher than E F at zero temperature. Equation ͑10͒, together with charge neutrality and Eqs. ͑1͒-͑4͒ and ͑6͒, will determine the electronic structure of the system. In the d ϩ /DX 0 model the impurities are either in the DX 0 state or in the d ϩ state. Thus one may expect that positively charged centers would be as far away from each other as possible. This can be described in the short-range interaction model by a pair-correlation function
where r c is the correlation radius which is determined by N tot and N D through the Poisson distribution
where V c ϭr c 2 for 2D (4r c 3 /3 for 3D͒. In the d ϩ /DX Ϫ model, the impurities exist either in the d ϩ state or in the DX Ϫ state. In order to describe correlations between the (ϩϩ), (ϪϪ), and (ϩϪ) charge pairs, one must define three pair-correlation functions 9 given by g ϩϩ ͑r͒ϭC ϩϩ ⌰͑r c Ϫr͒ϩ⌰͑rϪr c ͒, ͑13a͒
where 
The equation for r c in this model is given by 
͑15͒
Notice that both Eqs. ͑12͒ and ͑15͒ are valid for 2D and 3D, with N tot ϳN D , 10, 9 which restricts the range of applicability of the theory. To the best of our knowledge, there is no analytical formula to describe charged-impurity correlations in a quasi-2D structure. Therefore we will only investigate very narrow ␦-doped layers, such that the theory for the 2D system will be a good approximation. The structure for which this approximation is valid must meet r c ϽW D , where r c is calculated for 3D. Equation ͑15͒ does not have any nontrivial solution for N tot /N D Ͻ0.403 18, 10 beyond which we have used r c ϭ͕͓3.
, which is able to give results very close to the solutions of Eq. ͑15͒ in its solvable region, and a corresponding expression for bulk-doped GaAs ͑Ref. 9͒ has been proven to be successful for the whole region of N tot /N D .
The exact description of the Coulomb interaction between charged impurities in our structure is quite difficult due to screening by the quasi-2DEG. In the present work, we have used a Yukawa potential determining the interaction between any two (i and j) impurities
where q i denotes the charge of the i center (q i ϭe or 0 for d ϩ /DX 0 , and q i ϭϮe for d ϩ /DX Ϫ ), and is the screening length given by the semiclassical, 3D Thomas-Fermi ͑3DTF͒ screening theory. It was found that for ␦-doped GaAs, 36, 37 the interaction depends weakly on the actual value of , where ϭ50 Å was taken for 2D. In general, considering quasi-2D structures with strong quantization and inhomogeneous electron distribution in the z direction, it is essential to use a quantum-mechanical screening theory like the randomphase approximation. 23 The argument for using 3DTF screening theory in the present work is based on the large average width of the free-electron layer in the system. For typical ␦-doped structures, the widths of these layers are wider than 150 Å, which are significantly larger, than the screening length. 10 Otherwise, this theory will overestimate the screening. The following expression 9 has been used in the present work for the screening length :
which depends on the free-electron density through the Fermi wave vector k F . Using the pair-correlation functions and the Yukawa potential, one is able to obtain the correlation energy E c for the
and, for the d ϩ /DX Ϫ model,
By solving Eq. ͑10͒ the electronic structure of the system will be obtained with the inclusion of the correlation effects of the charged impurities. , 23 and ͑c͒ Eq. ͑17͒. 9 We found that all three models with three different values give almost the same results for this sample, which is consistent with the conclusion of Refs. 36 and 37. But for ␦-doped quantum barriers, it is found that model ͑b͒ gives results which deviate from those of the other models when the barrier height is increased, which is due to the small n e (0).
In Fig. 7 we depict ͑a͒ the position of the energy level relative to the Fermi energy, and ͑b͒ the electron density of the four lowest subbands of a ␦-doped GaAs with Ϫ models is depicted in Fig. 8 as a function of external pressure at Tϭ100 K for the same structures as those shown in Fig. 6 Recently, we performed a calculation of the quantum mobility of electrons in ␦-doped GaAs in the presence of an applied pressure, which shows the importance of the correlation effects clearly. 38 It is interesting to note that the results for the d ϩ /DX Ϫ model are very close to those for the d ϩ /DX 0 model when we replace the Al concentration x by xϩ0.05. However, one cannot compare 10 kbar of hydrostatic pressure with 10% of Al as is usually done, 8 because our system is no longer a bulklike structure.
V. CONCLUSIONS AND DISCUSSIONS
Using a self-consistent approach, we calculated the electronic structure of a ␦-doped layer in a quantum-barrier system and obtained useful physical quantities, some of which are experimentally observable, such as N I and N e . The strong influence of the barrier on the electronic properties of a 2DEG was clearly demonstrated, which can provide an effective method to control the energy gaps of the system. Effects of the DX centers on the system were investigated in the absence and presence of spatial correlation of the charged impurities at nonzero temperature and under an external presure. This shows the increased importance of such correlation effects in the present structures with increasing barrier height and pressure.
At present it is premature to draw quantitative conclusions concerning which of the three DX models is applicable because of the following: ͑1͒ The results depend on accurate measurements of the coefficients in Eq. ͑7͒. For example, the values of ␣ reported in the literature vary from 160 to 320 meV, and ␣ differs from sample to sample but also from the theoretical model which was used to analyze the data. 30, 9 ͑2͒ There exist other mechanisms, e.g., self-compensation of the Si impurities in the ␦-doped layer, which either partially or totally give rise to a saturation of the free-electron concentration. We have demonstrated that the effects of DX centers are more pronounced in the present structures because the difference between the DX level and the ⌫-band minimum decreases, and therefore experiments on such structures should give valuable information on the impact of such DX centers to their electronic properties. 
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